Controlling the shape of a quantum wavefunction The ability to control the shape and motion of quantum states 1, 2 may lead to methods for bond-selective chemistry and novel quantum technologies, such as quantum computing. The classical coherence of laser light has been used to guide quantum systems into desired target states through interfering pathways 3±5 . These experiments used the control of target propertiesÐsuch as uorescence from a dye solution 6 , the current in a semiconductor 7, 8 or the dissociation fraction of an excited molecule 9 Ð to infer control over the quantum state. Here we report a direct approach to coherent quantum control that allows us to actively manipulate the shape of an atomic electron's radial wavefunction. We use a computer-controlled laser to excite a coherent state in atomic caesium. The shape of the wavefunction is then measured 10 and the information fed back into the laser control system, which reprograms the optical ®eld. The process is iterated until the measured shape of the wavefunction matches that of a target wavepacket, established at the start of the experiment. We ®nd that, using a variation of quantum holography 11 to reconstruct the measured wavefunction, the quantum state can be reshaped to match the target within two iterations of the feedback loop.
As in classical holography, quantum holography relies on interference between two waves, which can be labelled as`object' and reference'. Whereas classical holography relies on classical light waves diffracting from scattering media, in quantum holography the object and reference are combined in a single coherently prepared quantum state. This state is a superposition of a shaped wavepacket (the`object') and a reference wavepacket (the`signal'). The object and reference packets are created by two specially shaped coherent laser pulses with a time delay, t, between them. The interference between the object and the reference modulates the spectrum of the wavefunction. A careful measurement of this interference and how it changes with the time delay t can be used to reconstruct the object wavefunction 10 . This is similar to the optical technique known as spectral interferometry, which is used to determine the phase and amplitude of a classical light pulse 12, 13 . The essential feature in our application of quantum holography is the ability to measure independently the amplitude of each state in the total wavepacket. This is accomplished with state selective ®eld ionization (SSFI) 14 . SSFI allows us to project the total wavefunction onto the eigenstates of the atomic hamiltonian and directly measure the amplitude of each projection. Eigenstate signals indicate the amplitude of each state in the wavepacket. The correlations in uctuations of pairs of states indicate the relative phase difference between two states in the object wavepacket and their corresponding states in the reference packet 15, 16 . The measured phase and amplitude of each state can be used to reconstruct the object wavepacket as a coherent superposition of eigenstates 17±20 . In the work reported here, this measurement was used as feedback to reshape the optical excitation pulse and thereby reshape the wavepacket.
Both the signal and reference wavepackets were created by irradiating an effusive beam of prepared caesium atoms with two ultrafast, broadband light pulses from an ampli®ed titanium sapphire laser system. The atoms were prepared in the 7s state from the 6s ground state via a two-photon transition driven by an intense nanosecond dye-laser pulse with a wavelength of 1.08 mm. The ultrafast pulses excited a small portion of the electronic wavefunc-tion (consistent with ®rst-order perturbation theory) to the np Rydberg series. Both ultrafast pulses originated from the same Kerrlens mode-locked (KLM) titanium sapphire laser. The output of the KLM laser was sent through a dispersive grating-pulse expander 21 and ampli®ed in a 10-Hz regenerative ampli®er. The light from the ampli®er was split to form two pulses. One of these pulses was directed into an optical pulse shaper, which consisted of a spectrally resolved Bragg de¯ector at the Fourier plane of a zero-dispersion pulse stretcher 22 . The acoustic waveform on the Bragg de¯ector was programmable, with independent control of phase and amplitude. This allowed us to reshape the optical pulse to any ®eld consistent with the available optical and acoustic bandwidth 22 . To compensate for the inef®ciency of the pulse shaper (,10%), the shaped pulse was reampli®ed in a low-gain, linear multipass ampli®er and then recompressed in a parallel grating compressor. The second pulse from the regenerative ampli®er was not shaped or reampli®ed but simply recompressed in a second parallel grating compressor to yield a 150-fs nearly transform-limited pulse. The two pulses were recombined on an optical beam splitter and sent into the vacuum chamber containing the atomic beam.
Our measurements were possible despite the fact that the shaped and reference pulses were not phase-locked. The absence of phaselocking meant that the ®rst-order coherence in the ®eld formed by the two pulses averaged to zero after multiple laser shots. We therefore looked at the second-order coherence of the wavepacket consisting of correlations in the¯uctuations of the eigenstate populations resulting from interference between the two excitations. This is essentially a Hanbury-Brown and Twiss measurement applied to atoms 16 . These authors used correlations in the temporal uctuations of starlight observed by two spatially separate telescopes to measure the size of a star. In the case of atoms, we used spectrally resolved¯uctuations of electronic probability to measure the phase of the electronic wavefunction.
The total wavepacket created by the coherent sum of the signal and reference for each laser shot can be written as:
a n e 2 iq n t b n e 2 iq gs t w n where a n ja n je id n . The complex coef®cients a n were determined by the shaped laser pulse and the real b n s were determined by the spectrum of the transform-limited reference pulse. The w n represent the atomic Rydberg np eigenstates with principal quantum number n ranging from 24 to 31. The phase acquired by each state during the time delay t between the two pulses (q n t) depended on the energy of each state. The phase acquired by the ground state during this same time delay was (q gs t).
The population of each eigenstate in the wavepacket (the square modulus of the projection of the total wavefunction onto the eigenstate) was measured by SSFI. This consisted of exposing the Rydberg atoms in the beam to a linearly increasing electric ®eld as a function of time. Each eigenstate in the wavepacket had a different ®eld ionization threshold, and hence ionized at a different time. The ionization signal as a function of time, as measured by an electron multiplier, displayed a series of peaks whose integrals were proportional to the population of each eigenstate. The population of each eigenstate as measured by SSFI was:
In the absence of a reference pulse, the coef®cients P n still yield the ja n j directly, but without the second wavepacket the P n cannot give any information about the phase of these complex coef®cients.
The destruction of ®rst-order coherence over several laser pulses is due to small random variations in t of the order of an optical period. These¯uctuations can be caused by slight air currents and table vibrations. In our experiment, there was also a random phase introduced between signal and reference pulses by the carrier frequency of the acoustic wave in the Bragg de¯ector, which was not phase-locked to the output of the KLM laser. Over several laser shots, the cosine term in the P n averages to zero and any interference yielding the relative phase between states d nm washes out. In general, measurements of ®rst-order coherence oscillate at the laser frequency q L q n 2 q gs and therefore vanish in ensemble averages with variations of delay on the order of 2p/q L :
Measurements involving second-order coherence contain oscillations at the Kepler frequency (frequency differences in the laser bandwidth), and therefore retain the desired phase information while averaging over several laser shots for these same temporal variations:
We made use of the second-order coherence of the wavepackets by constructing the normalized correlation coef®cient between pairs of eigenstate populations:
In this expression, the factors DP n are the standard deviations in the populations P n . This result also permitted us to measure the degree of coherence with the following procedure: we programmed the Bragg de¯ector to step each state in the wavepacket through a series of phases with respect to each of the other states in the wavepacket. The phase difference between any two states in the wavepacket was determined by ®tting r nm to a cosine curve. Decoherence of the shaped wavepacket caused a decrease in the amplitude of the measured cosine curve. Using this method, we were able to detect coherence in the shaped wavepacket lasting beyond 1 ns for atoms at a temperature of 400 K.
Knowing the amplitude and relative phase of each state in the wavepacket, the electronic wavefunction could be completely reconstructed 10 . Once reconstructed, the difference between the measured wavefunction and the desired target state was computed and used to reprogam the phase of each state via the Bragg de¯ector. Having the full reconstruction information obviated the need for a sophisticated algorithm to implement feedback, and resulted in very rapid convergence to any target that we chose. In our simple feedback algorithm, the relative phase of each projection was adjusted by an amount equal to the difference between the measured phase and the target phase. For any given delay t, the algorithm was able to control the shaped wavefunction to match the target within two iterations of the feedback loop. Nonlinearities in the Bragg de¯ector response and other technical control problems were automatically corrected in the feedback loop.
The system was capable of adapting to changing initial conditions and maintaining a ®xed output (the target wavefunction) with a changing input. This was demonstrated by changing the measurement time delay t after the algorithm converged. The algorithm adapted to the new launch time and compensated for the extra dispersion introduced by the new delay such that the wavepacket matched the target at the new measurement time. The measurement delay was altered several times, and each time the algorithm converged quickly. Figure 1 shows the shaped wavepacket following each iteration. The top frame shows the target wavefunction. All other frames show measured wavefunctions at the time the reference pulse was incident on the atoms. Each row starts with a different delay setting, and each new column shows the next iteration in the feedback loop.
The rapid convergence of this experiment is due partly to the fact that the excitation of the shaped wave packet was linear in light uence, that is, the excitation was in the weak-®eld limit. This is not a requirement for the measurement technique, nor is it a limitation on the application of wavefunction reconstruction to coherent control. As long as the reference pulse excites a wavepacket in the weak ®eld limit, the phase and amplitude of any wavepacket interfering with the reference can be measured. We are currently using this technique to measure wavepackets created by half-cycle pulses 23 , which interact with the atom in a highly non-perturbative fashion.
If the initial wavepacket is created in the strong-®eld regime, then convergence will not be as rapid as in this experiment and a more sophisticated algorithm will be required to implement control with feedback. However, knowledge of the full wavefunction can be used to direct the search for the optimal pulse shape and minimize the amount of phase space that has to be explored. Furthermore, the reconstruction provides a direct comparison between the results of the optimal pulse shape and the target.
We have demonstrated active control of a Rydberg atomic electron via holographic reconstruction. The reconstructed wavefunction guided control of its shape. Direct applications of this technique include using shaped Rydberg atoms as transient nanostructures for time-gated diffraction of X-rays 24 and as storage and computation modules for quantum information processing and computing. Along more general lines, this experiment serves as an illustration of the utility of quantum state reconstruction as another tool for achieving coherent control via feedback. 
